ABSTRACT. Neonatal hypoglycemia is a frequent complication in immature infants. This may be due to small substrate stores, a high brain:body weight ratio, and immature enzyme systems. The purpose of the present study was to investigate the rate of glucose production in newborn infants with gestational ages of less than 28 wk. The subjects were 10 newborn infants delivered after 25 to 26 gestational wk. Their mean birth weight was 772 g (range 588-1000 g), and their mean postnatal age at the time of the study was 15 h (range 4-24 h). An isotopic compound (~-6,6-~H~-glucose) was given as a constant-rate i.v. infusion. In addition to dideuteroglucose, eight of the infants also received an i.v. infusion of unlabeled glucose at a rate of 1.4-2.6 m g kg-'. min-'. Blood samples for determination of the concentration and isotopic enrichment of plasma glucose were obtained every 15 min in a 2-h period. Isotopic enrichment, measured by gas chromatography/mass spectrometry, was used for calculating the glucose production rate. The mean glucose production rate related to body weight ( f SD) was 6.1 f 1.5 mg. kg-'. min-'. The results show that infants born at <28 gestational wk have a capacity to produce glucose on their 1st d of life at rates close to or even exceeding those reported in term infants. (Pediatr Res 33: 97-100, 1993) Abbreviations GPR, glucose production rate CV, coefficient of variation Ra, rate of appearance
The transition from intrauterine to extrauterine life is accompanied by major alterations in fuel homeostasis. During pregnancy. the fetus is continuously supplied with glucose and amino acids from the mother. After birth. this transport of nutrients is interrupted, and the child has to mobilize fuel to meet the metabolic demands from vital organs, especially the brain. The immediate postpartum time is associated with hormonal changes. which stimulate glycogenolysis and gluconeogenesis ( I ). In a term newborn infant. the glycogen stores are depleted in about 10 h (2) . After this, the glucose production is dependent o n gluconeogenesis from precursors such as pyruvate, lactate, glycerol, and alanine. Defects in glucose regulation, leading to hypoglycemia, are common in immature and growth-retarded infants as well as in infants of diabetic mothers ( 1 . 3). Possible causes of such regulatory defects are a high brain:body weight ratio. small substrate stores, immature enzyme systems, or excessive insulin secretion. In addition, hyperglycemia, probably due to a persistent hepatic glucose production in spite of glucose infusion. is often seen in immature infants (4. 5) .
Knowledge of the production and utilization of substrates in newborn infants, especially those in risk groups. is of great importance in the prevention and treatment of hypoglycemia. The glucose production in term and moderately immature infants has been studied by use of glucose labeled with stable isotopes (4) (5) (6) (7) (8) . Results of such studies have indicated that immaturity and a low birth weight may be associated with a low rate of glucose production (6. 7). It has also been shown that the G P R is almost linearly related to body weight (6) . birth weight (8) . gestational age (8) . and brain weight (6) . On the basis of these findings, it has been suggested that. in the presence of a glucose infusion. extremely immature infants may have virtually no glucose production (8) .
The purpose of the present study was to determine whether extremely immature infants. with gestational ages of less than 28 wk. are capable of producing glucose in the first 24 h postnatally. Glucose labeled with deuterium was used for the investigations.
SUBJECTS A N D METHODS
Subjects. The subjects of this study were 10 newborn infants. born after 25 to 26 completed gestational wk (Table I ). All of them were delivered at the University Hospital in Uppsala. Sweden, and were admitted to the neonatal intensive care unit. The study was approved by the Human Ethics Committee of the Medical Faculty of the University of Uppsala. Parental consent was obtained after oral and written information.
The gestational age of the infants was estimated from the mothers' menstrual history and confirmed by ultrasound examinations during pregnancy and by physical characteristics according to the methods of Finnstrom (9) and Dubowitz rlt (11. (10) . All of the infants had birth weights appropriate for gestational age. Four of the infants (nos. 1. 5. 6. and 9) were delivered vaginally after spontaneous labor not responding to @-sympathomimetic therapy (Bricanyl. Draco, Lund. Sweden). and the other six were delivered by cesarean section (nos. 2-4. 7. 8. and 10). The reason for cesarean section was toxemia resistant to treatment with an cu-and @-blocking agent (Trandate. Glaxo. Greenford. England) in two cases (nos. 2 and 4) and premature rupture of the membranes and a poor progress of labor in two cases (nos. 3 and 10). One of these mothers (no. 3) had received /3-sympathomimetic therapy (Bricanyl) at the start of labor. but the treatment had no effect and was discontinued. Two of the infants (twins. nos. 7 and 8) were delivered by cesarean section because of prolapse of the umbilical cord.
The infants were studied at a mean postnatal age (f SD) of 14.9 + 5.9 h (Table I ) humidity of 90%. Their body temperatures varied between 36.9 then every 15 min for 2 h. The blood samples were collected and 372°C during the study. All of the infants were normoven-into ice-cold EDTA tubes, and the plasma was immediately tilated and normoxemic. Theophylline (Teofyllamin, Kabi Vi-separated by centrifugation. Plasma glucose concentrations were trum. Stockholm, Sweden) (6 mg. kg-'.d-') was administered as measured by the glucose oxidase-peroxidase method in a glucose apnea prophylaxis in the children treated with continuous posi-analyzer, Ames Minilab 1 (Bayer AG, Leverkusen, Germany) tive airway pressure (Table I ). All infants received 10% i.v. with prefilled cuvettes (Ames Minipac Gluc). When duplicate glucose infusion directly after birth, and they were also given plasma glucose values obtained with this instrument were combreast milk (1-2 mL every 2 h) from the age of 2 to 4 h (Table pared with corresponding values obtained with YSI 23 AM 2). The total volume of fluid given during the first 24 h was 65 glucose analyzer (Yellow Springs Instrument Co., Yellow mL.kg-'. The mean total volume of breast milk given before the Springs, OH), the limits of agreement between the two methods study (+ SD) was 2.9 + 2.5 mL ( Table 2 ). The lactose content calculated according to Bland and Altman (13) was -0.15 + 0.89 in 1 mL of breast milk is about 70 mg (I 1).
mM (mean difference + 2 SD). For Minilab 1, the CV (SD/
Melllods. The tracer used was ~-6,6-'H~-glucose (isotopic pu-mean) for 10 consecutive determinations were 3.4. 4.8. 4.3. and rities of two different batches were 92.5 and 97.5 atom %), 3.5% for plasma glucose concentrations of 1.2, 2.5, 3.0, and 4.3 purchased from MSD Isotopes, Montreal, Canada. The deuter-mM, respectively. Plasma glucose concentrations were obtained ated glucose, dissolved in 0.9% saline solution in concentrations within 5 min in every sample. While awaiting further analysis, of 1.7 and 4.5 mg.mL-', was pyrogen-free when tested by the the remaining plasma samples were frozen at -70°C. Limulus lysate method (12) and was sterile in microbiologic For studies of isotopic enrichment, proteins were precipitated cultures.
from plasma by addition of equal amounts of 3 M perchloric After a priming dose of deuterated glucose ( 5 mg. kg-' given acid (6) . After centrifugation, the supernatant was neutralized in 10 min) (8) the 6.6-2Hz-glucose solution was administered into with 20% KOH solution and subjected to sequential anion and a peripheral vein at a constant rate with a calibrated volumetric cation exchange chromatography (6) . The eluate was evaporated pump (IMED 965 micro, IMED, Oxford, England). The infusion in a vacuum centrifuge (A 160 Speed Vac Concentrator, Savant rate corresponded to 0.1 1-0.15 mg. kg.-'. min-I in nine patients Instruments Inc, Farmingdale, NY) at 70°C. The remaining and 0.23 mg. kg-' . min-' in one patient (no. 3) ( Table 2) . material was dissolved in pyridine and treated with butaneboIn addition to the isotopic compound, an infusion of unlabeled ronic acid and acetic anhydride for preparation of the dibutaneglucose was given in eight of the patients at a rate corresponding boronate acetate derivative of glucose (6, 14) . The 6,6-'Hzto 1.4-2.6 mg. kg-l.min-l ( Table 2) . The other two patients (nos. glucose isotopic enrichment in plasma was measured by gas 5 and 6) were only given deuterated glucose. Thus, the rate of chromatography/mass spectrometry in the electron impact glucose administration during the study was lower than that mode. The instrument used was a Finnigan SSQ 70 mass specgiven before the study ( i . r . -4.5 mg. kg-l.min-').
trometer (Finnigan MAT, San Jose, CA) equipped with a Varian Umbilical artery catheters, inserted for clinical purposes, were gas chromatograph (Varian Associates Inc, Sunnyvale, CA) with used for blood sampling. For determination ofthe concentration a DB-17 capillary column (30 m x 0.32 mm). The temperature and isotopic enrichment of plasma glucose, blood samples (250 of the oven was set at 22OoC, and the electron energy used was p L ) were drawn at the onset of the dideuteroglucose infusion and 70 eV. Selective ion monitoring of the M-57 ion (m/z 297) and When the concentrations of glucose and isotopic enrichments in the plasma remained approximately constant (CV < I 1%) (16) . they were considered to be at steady state. In the infants not receiving unlabeled glucose (nos. 5 and 6). this criterion was not fulfilled as to isotopic enrichment (CV = 13.3 and 15.8%. respectively) and as to plasma glucose concentration in infant no. 5 (CV = 1 1.9%) ( 17) (Fig. 1) . At steady state, the disappearance rate of glucose equals the Ra in the sampled plasma pool (2) . Ra is the sum of the GPR, the rate of i.v. infusion of labeled and unlabeled glucose, and the rate of enterohepatic glucose cntry. The amounts of breast milk given to our patients were minimal (see description of subjects and Table 2 ). Thus. any possible contribution of enterohepatic glucose was disregarded in the calculations of GPR. During the periods of steady state. the GPR was calculated in the following way:
whcrc GPR is expressed in mg. kg-'. min-'. i is the infilsion rate of labeled glucose ( m g kg-'. min-I). IE is the isotopic enrichment given as labeled/unlabeled glucose (76). and GIR is the infusion rate of unlabeled glucose (mg. kg-'. min-I).
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Simple linear regression analysis was used to calculate statistical significance for various parameters related to GPR and Ra. A p value of ~0 . 0 5 was considered significant. The agreement between the methods for determination of plasma glucose was assessed according to Bland Table 2 . The mean Ra (+SD) was 7.7 + 1.5 m g kg-'. min-' (range 5.3-9.9). and the mean G P R (+SD) was 6.1 + 1.5 m g kg-' .min-' (range 3.4-7.8) ( Table 2 ). Neither Ra nor GPR. per kg body weight or total, was significantly related to body weight, mean plasma glucose level. gestational age. postnatal age. or glucose infusion rate during the study period or to the length of time without oral feeding or the amount of breast milk given before the study.
DISCUSSION
The results of this study show that extremely immature infants. born after 25 to 26 wk, have a capacity for glucose production as early as their first 24 h of life. The G P R found in these infants were in fact close to or even higher than the rates reported earlier (5-8, 19-2 1) for less immature infants. Bier rt ul. (6) found mean values for GPR in infants with gestational ages of 27 to 40 wk that were in accordance with those obtained in the present study. However. the infants in their study were examined after the 1st d of life and included only one infant with a gestational age of less than 28 wk. In term and near-term infants investigated during the first 3 d postnatally, Kalhan et ul. (5. 7. 20) . Denne and Kalhan (2 1 ). and Cowett rt ul. ( 18. 19) reported values for G P R that are close to or somewhat lower than those in the present study. Both our values for G P R and those referred to above (5-7. 18-21) were higher than the values reported by Baarsma c't ul. (8) in a recent study of growth-retarded infants with gestational ages of 30 to 40 wk. On the basis of extrapolation from an observed linear relationship between G P R and birth weight as well as gestational age in that study. it was suggested that infants with a gestational age of about 25 wk and birth weight of about 800 g might lack glucose production. The low values for G P R reported in that study (8) may be explained by a suppressive influence of comparatively large amounts of exogenous glucose given during the study period. It is known from studies in adults that on glucose administration the hepatic GPR decreases (5. 19) . This regulatory effect is probably mediated by insulin (5) . There have been some investigations on the influence of exogenous glucose on G P R in newborn infants. In two studies by Cowett et ul. (4. 19) . it was shown that glucose infusion at a mean rate of 6 m g kg-' . min-' totally suppressed or decreased GPR in the majority of both term and preterm infants. Kalhan c>t (11. (5) reported that the glucose production was partially suppressed by glucose infusion at a rate of 4.6 m g kg-'.min-' in both term and preterm infants. The infants of our study were given no or only low doses of glucose. Calculations of GPR in patients 1 to 4. studied during administration of a low dose of glucose. clearly showed that these infants were able to produce glucose at rates similar to or even exceeding those reported earlier 100 SUNEHAG ET . 4L in term newborn infants (5) (6) (7) (18) (19) (20) (21) . We therefore considered it possible to study the GPR without glucose or during infusions of only small amounts, provided that the plasma glucose levels were measured frequently. The purpose was to find out the minimum amount of exogenous glucose needed to attain a steady state level while still avoiding hypoglycemia. Two of the patients (nos. 5 and 6) received only deuterated glucose for 2 h. In both of them, the plasma glucose concentration decreased gradually but did not fall below 2.0 mM. Approximate steady state was present during 30 min of these study periods, although the CV regarding the isotopic enrichment and the plasma glucose concentration was higher than in the other eight patients (1 7). The results show that extremely immature infants, in the absence of an i.v. glucose infusion, are capable of producing glucose at least during a limited period of time. This finding can be of clinical importance, because immature infants may occasionally lack glucose support under routine conditions, e.g. during accidental interruptions of the i.v. access.
In contrast to the patients studied by Baarsma et al. (8) , most of the infants in our study as well as in most earlier studies (5-7. 19-21) had received some oral feeding before the study. In those studies (5) (6) (7) (19) (20) (21) , the quantities were not specified. In regard to the present study, it is unlikely that the contribution of monosaccharides from breast milk would have influenced the GPR to any significant extent, inasmuch as the volumes were small and were-distributed over several hours before the study (see Table 2 ). One patient (no. 9) had not received any oral feeding at all, and in two patients (nos. 8 and 10) oral feeding had not been given for 12 and 15 h, respectively, before the start of the study. The GPR in these three patients did not differ from those in the other patients.
In our study, no correlations were found between GPR and birth weight or gestational age. This may be partly explained by the homogeneity of the study group with regard to these variables.
The occurrence of glucose production in very immature newborn infants demonstrates a capacity for glycogenolysis and/or gluconeogenesis. Our data support the assumption made by Girard (22) that it is the birth process itself rather than the developmental stage that is responsible for the induction of gluconeogenetic enzymes. It is not possible to distinguish between the contribution of glycogenolysis and that of gluconeogenesis to the glucose production in the present study. Because most of the infants were investigated between the ages of 10 and 24 h, their small glycogen stores were probably depleted (2) . Consequently, the glucose production was likely to have depended mostly on gluconeogenesis. The rather short steady state periods may indicate that the supply of substrates for glucose production was limited. It has been shown that the liver in the newborn infant has to be supplied with sufficient amounts of gluconeogenetic substrates to maintain a high rate of gluconeogenesis (22) . All infants in the present study were of approximately the same gestational age. In spite of this, the rate of glucose production varied. This variation might be explained by differences in birth weight in relation to gestational age, respiratory illness, and treatment with theophylline as well as pre-and perinatal factors such as maternal disease or maternal pharmacologic treatment with tocolytic agents (23, 24) .
